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Pollution by heavy metals (HM) represents a serious threat for both the environment and
human health. Due to their elemental character, HM cannot be chemically degraded,
and their detoxification in the environment mostly resides either in stabilization in situ or
in their removal from the matrix, e.g., soil. For this purpose, phytoremediation, i.e., the
application of plants for the restoration of a polluted environment, has been proposed as
a promising green alternative to traditional physical and chemical methods. Among the
phytoremediation techniques, phytoextraction refers to the removal of HM from the matrix
through their uptake by a plant. It possesses considerable advantages over traditional
techniques, especially due to its cost effectiveness, potential treatment of multiple HM
simultaneously, no need for the excavation of contaminated soil, good acceptance by
the public, the possibility of follow-up processing of the biomass produced, etc. In this
review, we focused on three basic HM phytoextraction strategies that differ in the type
of plant species being employed: natural hyperaccumulators, fast-growing plant species
with high-biomass production and, potentially, plants genetically engineered toward a
phenotype that favors efficient HM uptake and boosted HM tolerance. Considerable
knowledge on the applicability of plants for HM phytoextraction has been gathered
to date from both lab-scale studies performed under controlled model conditions and
field trials using real environmental conditions. Based on this knowledge, many specific
applications of plants for the remediation of HM-polluted soils have been proposed. Such
studies often also include suggestions for the further processing of HM-contaminated
biomass, therefore providing an added economical value. Based on the examples
presented here, we recommend that intensive research be performed on the selection
of appropriate plant taxa for various sets of conditions, environmental risk assessment,
the fate of HM-enriched biomass, economical aspects of the process, etc.

Keywords: heavy metals, phytoremediation, phytoextraction, hyperaccumulators, genetically modified plants,
heavy metal protein transporters, heavy metal binding proteins, green biotechnology

INTRODUCTION

With the industrialization and urbanization of developing countries and the increasing demands
of mankind, the consumption of heavy metal elements (HM, see Glossary) has been growing
enormously. As a result, pollution by HM and metalloids (see Glossary) has become an increasingly
serious issue, which has raised public awareness. Unlike organic pollutants, which can be entirely,
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GLOSSARY

Heavy Metal There is not yet a consensus definition of the term “heavy metal” (HM). Nevertheless, the most recent criterion suggested defines HMs as naturally
occurring metals having atomic number >20 and elemental density >5 g.crn’3 (Al and Khan, 2018). In biological sciences, this term instead describes a series of
metallic elements and metalloids with a potential toxic effect on living organisms even at very low concentrations. From this toxicological/ecotoxicological standpoint,
chemical properties and behavior in living systems are a more important criterion. Therefore, in addition to transition metal elements such as Cd, Pb, Hg, Zn, Cu, Co,
Ni, Al, Cr, Fe, the metalloids As, Se or Sb can also be regarded as “heavy metals.”

Phytoremediation The use of plants for the restoration of a polluted environment. Generally, there are two principal strategies for decreasing HM toxicity in soils:
site stabilization (including phytostabilization techniques) and “clean-up” techniques (including phytoextraction and phytovolatilization techniques).
Phytostabilization The use of plants for the reduction of HM toxicity in soil through reducing their mobility/bioavailability.

Phytoextraction The use of plants for HM removal from the contaminated matrix (soil and water) through their uptake into the harvestable parts of the plant.
Hyperaccumulation The ability of a plant to accumulate HMs in its above-ground parts without phytotoxic symptoms at concentrations up to 100-1,000-fold
higher than in non-hyperaccumulating species (Baker, 1981). Such an ability resides in (i) enhancement of the uptake of HMs from the rhizosphere across the root
cell plasma membrane, (i) reduction of the sequestration of HMs in root-cell vacuoles, (i) enhancement of the loading of HMs into the xylem for transport to shoots,
and (iv) stimulation of HM influx across the leaf cell plasma membrane and sequestration in the leaf (mesophyll cells) vacuoles (Milner and Kochian, 2008).
Phytomining The use of plants for the in situ removal of HMs from sub-economic ore bodies, metalliferous soils or from contaminated mine sites with the additional
aim of recovering an economic amount of metals from the plants [according to Sheoran et al. (2009)].

“Gene-Stacking” Strategy (also “Gene-Pyramiding” Strategy) The expression or manipulation of multiple (trans)genes in a single plant line [for review see Halpin
(2005)]. This process provides the potential to accumulate multiple traits, typically multiple resistance to different types of stress or pathogen. As discussed in the
text, this can also provide a tool for obtaining a plant variety suitable for efficient HM phytoextraction.

Short-Rotation Forestry/Plantation System The concept of culturing woody plants (especially fast-growing trees such as willow, poplar, pine, aspen, birch, beech,
eucalyptus, etc.) or annually-harvested energy crops for energy production.

Trangenosis A gene-technology breeding method of introducing a transgene, which is according to Jacobsen and Schouten (2009) a (synthetic) gene with some or
all regulatory sequences and coding sequences from donors other than crossable plants, including microorganisms and animals. Transgenes comprise a new gene
pool for plant breeding.

Cisgenesis A gene technology breeding method of introducing a cisgene, which is according to Jacobsen and Schouten (2009) an already existing natural gene
from the plant taxon itself or from crossable species, including its native promoter and terminator. The gene belongs to the traditional breeder gene pool and is the
already existing result of natural evolution.

Intragenesis A gene technology breeding method of introducing an intragene, which is according to Jacobsen and Schouten (2009) a gene comprising of natural
functional elements, such as the coding part, promoter and terminator originating from different genes from the plant taxon itself or from crossable species. All natural
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gene elements belong to the traditional breeder gene pool.

or partly degraded by the action of various (micro)organisms
or detoxified by the action of plants, HM are non-degradable
and can only be transformed into forms with altered toxicity
and/or mobility/bioavailability (e.g., bacterial reduction of Hg**™
to elementary Hg® that is less toxic and can evaporate, or
the reduction of arsenate to less toxic arsenite oxyanions;
Silver and Phung, 2005; Silver and Phung le, 2005). The
persistence of HM in environmental matrices, especially soils,
sediments and water bodies, is a result of the elemental
character of HM (Chapman et al,, 1996). Pollution by HM
therefore represents a long-term threat for the environment
and human health, not only in industrial and post-industrial
areas.

Conventional physical and chemical methods of HM removal
from a polluted environment are usually not usable at large
scales, and are often costly and not well accepted by the public
[for a recent review see Khalid et al. (2017)]. In contrast,
bioremediation i.e., the use of living organisms or their parts for
remediation, is a group of methods that are highly applicable
in large contaminated areas, especially in cases where the
removal of HM contamination is not urgent. The use of plants
for the decontamination of a polluted environment has been
termed phytoremediation and was described in the mid-90s
(Sandermann, 1994; Cunningham et al., 1995; Schnoor et al.,
1995; Cunningham and Ow, 1996). Ever since, a vast number of
studies have focused on the employment of various plant species

for the removal or stabilization of both organic and inorganic
pollutants (for reviews see Salt et al., 1998; Macek et al., 2000;
Mackova et al., 2006a,b; Marmiroli et al., 2006; Cristaldi et al.,
2017; Wang et al., 2017).

Generally, the most yet-employed strategies on how to
remediate an HM-polluted environment are based either on their
stabilization in situ, ie., reducing HM acute toxicity through
decreasing their mobility and bioavailability (so-called “site
stabilization” techniques), or are based on HM removal (the
group of “clean-up” techniques). When using plants, the first
group is referred to by the term phytostabilization (see Glossary).
Among the clean-up techniques, phytoextraction employs plants
for the extraction of HM from soils and their accumulation in
harvestable parts, which are subsequently removed and further
processed (Baker et al., 1994; Salt et al., 1995, 1998; Chaney
et al., 1997). Phytovolatilization, another subgroup of clean-up
techniques, represents the conversion of HM/metalloids such as
Hg, As, and Se into a volatile form via biological conversion
within plants, and their release into the atmosphere (Rugh et al.,
1996; Raskin et al., 1997; He et al., 2001; Che et al., 2003; Tangahu
etal,, 2011). Despite decreasing the pollution locally, this group of
techniques contributes to the pool of mobile forms transportable
over long distances, and is somewhat controversial (Prasad and
Freitas, 2003).

Over the last three decades, great progress has been made
in researching the applicability of phytoremediation techniques,
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including the use both of natural varieties and genetically
modified (GM) plants. Therefore, in this review, we discuss the
use of plants for the phytoextraction of HM and metalloids
from soils. Particular attention is paid to the prospective
employment of genetic modifications leading to plant varieties
with a phenotype favoring HM phytoextraction from polluted
sites.

HYPERACCUMULATORS

Baker (1981) defined two main strategies adopted by plants
naturally growing on metalliferous sites based on the strategy
of survival. Excluders, representing the majority of plant species
capable of surviving in soils containing elevated levels of toxic
trace elements, have adopted the survival strategy of maximal
exclusion of HM ions from the plant. If an HM ion is taken
up by an excluder plant, the toxic effect is restricted to the
roots, where it is detoxified, while the aerial parts remain more
or less unaffected. In contrast, hyperaccumulators are plants
which, when exposed to elevated concentrations of HM, are
able to accumulate them in their above-ground parts without
phytotoxicity symptoms (Baker, 1981; Rascio and Navari-Izzo,
2011; van der Ent et al, 2013). The term hyperaccumulator
was first applied when describing the New Caledonian Ni-
accumulating tree Sebartia acuminata (Sapotaceae); the nickel
content in the latex was determined to be 26% percent of dry
weight (Jaffré et al., 1976). According to Baker and Brooks (1989),
the content limits of some metal elements in dry biomass for
plants to be termed hyperaccumulators are 100 mg.kg~! for Cd
and Se, 1,000 mg.kg ! for Co, Cu, Niand Pb, and 10,000 mg.kg !
for Zn and Mn. These values are up to 100-1,000-fold higher than
for non-hyperaccumulating species under the same conditions
(Reeves, 2006; Rascio and Navari-Izzo, 2011). The number of
identified hyperaccumulators has been constantly rising, with
over 450 HM-hyperaccumulating species known as of 2015,
found in 45 angiosperm families (Rascio and Navari-1zzo, 2011;
Bhargava et al., 2012; Krzciuk and Galuszka, 2015). About 25%
of hyperaccumulators identified so far recruit from the family
Brassicaceae; other families rich in hyperaccumulators include
Asteraceae, Euphorbiaceae, Rubiaceae, Fabaceae, Scrophulariacea,
Mpyrtaceae, Proteaceae, Caryophylaceae, Tiliaceae, etc. (Reeves,
2006; Rascio and Navari-Izzo, 2011). Some plant genera appear
to include a significant proportion of hyperaccumulator species;
e.g., in studies comprehensively surveying the genus Alyssum,
48 out of 170 species tested were found to hyperaccumulate Ni
(Brooks and Radford, 1978; Brooks et al., 1979). Interestingly,
hyperaccumulation ability was found to vary within a species;
metal specificity and accumulation can vary among different
populations (Reeves et al., 2001; Assuncao et al., 2008).

As stated by Milner and Kochian (2008), who surveyed
the Zn, Cd and Ni model hyperaccumulator alpine pennycress
(Noccaea caerulescens, formerly Thlaspi caerulescens), several
crucial physiological steps of HM detoxification are different
in hyperaccumulators compared to non-hyperaccumulators.
These are (i) boosted HM ions uptake from the rhizosphere
across the root cell plasma membrane, (ii) reduced HM
ions sequestration in root vacuoles, (iii) intensified HM ions

loading into the xylem for transport to shoots, and (iv)
stimulated HM ions influx across the leaf cell plasma membrane
and (v) sequestration in the leaf vacuole. Nevertheless, a
considerable contribution of cell wall components, especially
low-methylesterified pectins, in the sequestration of HM ions
within a plant body was also proposed (for reviews, see
Krzestowska, 2011; Le Gall et al., 2015). Leitenmaier and Kiipper
(2013) concluded that the key factor for hyperaccumulation is the
plant’s enhanced active metal transport rather than strengthened
metal complexation by various intracellular ligands (such
as glutathione, phytochelatins, or metallothioneins). Similarly,
cross-species transcriptomic and genome-wide analyses of the
extremophilic Zn- and Cd-hyperaccumulator Arabidopsis halleri
revealed an enrichment in HM-transporting P-ATPAse HMA4
gene copies and corresponding transcripts as well as other
transition metal homeostasis and biotic stress function genes
compared to the non-accumulating sister species Arabidopsis
lyrata and closely related reference model species Arabidopsis
thaliana (Hanikenne et al., 2008; Suryawanshi et al., 2016). More
detailed information on the various tolerance strategies of plants
under HM stress and on hyperaccumulators, their taxonomic and
geographical distribution, metal specificity as well as molecular
mechanisms behind hyperaccumulation have been provided by
Reeves (2006); Verbruggen et al. (2009); Rascio and Navari-Izzo
(2011); Leitenmaier and Kiipper (2013); van der Ent et al. (2013);
Krzciuk and Gatuszka (2015), and Singh et al. (2016).

PHYTOEXTRACTION-A TOOL FOR THE
REMEDIATION OF HM-POLLUTED SITES?

In order to be suitable for phytoextraction purposes, plant
species should meet the following criteria: (i) metallotolerance
toward elements present in toxic levels, (ii) high biomass
production and (iii) effective accumulation of HM in easy-to-
harvest parts (Vangronsveld et al., 2009). The overall concept of
the restoration of polluted areas using phytoextraction consists
of the cultivation of appropriate plant species in situ, harvesting
the HM-containing biomass and treating it to decrease its
volume and weight (by composting, compacting, drying, thermal
decomposition). The resultant HM-enriched mass containing
high levels of metal contaminants is subsequently disposed of
as a hazardous waste or, if economically advantageous, can be
utilized for the re-extraction of trace elements (McGrath et al.,
2002; Sheoran et al, 2009). In general, three basic strategies
can be considered for HM phytoextraction, differing in the type
of plant species used: (i) natural hyperaccumulators, (ii) fast-
growing plant species with high-biomass production, and (iii)
genetically engineered plants, all of which are discussed below.
Advantages and drawbacks of these strategies are summarized in
Table 1.

Several criteria should be taken into account when evaluating
the suitability of a plant species for HM phytoextraction, in
particular the quantitative ability of each plant species to
accumulate HM in harvestable parts, and the overall production
of biomass which can be expressed by the biomass yield per
crop and number of crops per year. McGrath and Zhao (2003)
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TABLE 1 | Benefits and drawbacks of HM phytoextraction employing natural hyperaccumulators, high-biomass producing non-hyperaccumulators or

genetically engineered plants.

Natural hyperaccumulators

High-biomass producing

Genetically engineered plant

non-hyperaccumulators

Advantages High bioaccumulation rates High biomass production rate, possibility of Possibility of directed engineering of
Often autochtonic species—prevents production of biomass with added value metallophenotype toward high
the introduction of non-native and Low growth requirements bioconcentration factor
potentially invasive species Possible use in short-rotation plantation Number of (trans)genes available for
Number of species convenient for diverse modification, possibility of organ/tissue-specific
range of climatic conditions, water regime, soil transgene expression enabling modulation of
type, character of contamination resultant phenotype
Often autochthonic species—prevents the Possible stacking of multiple phenotypical traits
introduction of non-native and potentially Possibility of selection of host plant species
invasive species (depending on the intended fate or use of
Usually low metal/toxicant resulting HM-enriched biomass)
specificity—applicability for mixed contamination
(both multiple HM and mixture of HM and
organic xenobiotics)
Disadvantages High metal specificity (often only Low bioaccumulation rates-lengthy Often high metal specificity depending on

single heavy metal element
hyperaccumulated)

Often slowly growing, low-biomass
producing species, with specific
ecology and requirements in terms of
climate, soil characteristics, water
regime, etc.

phytoextraction process

(trans)gene/genetic modification

Lack of information from field trials performed
on large areas in terms of overall applicability
(economical aspects, efficiency of the process,
management of HM-enriched biomass
produced)

GMO-linked environmental risks and related
strict GMO regulation policy, thorough
ecological risk assessment needed

determined that for economically feasible phytoextraction, the
use of a plant with a metal bioconcentration factor, defined
as the ratio of HM concentration in the plant to the soil,
higher than 20 and biomass yield of 10 t-ha=! is required, or
with a bioconcentration factor of 10 and biomass production
of 20 t-ha~! (Peuke and Rennenberg, 2005). Other criteria to
be considered are the depth of the contaminated layer (if the
contamination is deeper than 20-30cm, deep-rooting woody
species should be utilized), the intended fate of HM-enriched
biomass (e.g., re-extraction of metal elements; biofuel, energy and
fiber production), climatic and soil conditions, etc. (Brooks et al.,
1998; Mench et al., 2009; Sheoran et al., 2009).

The toxic element and its bioavailable concentration in the
polluted matrix (soil) also needs to be considered, as well
as the ability of a plant to maintain photosynthetic activity
and biomass production even under HM-induced stress. If a
toxicant content is too high, it can exceed the plant’s tolerance
level, especially for non-hyperaccumulator species, resulting in
toxic symptoms and reduced photosynthetic capability and,
consequently, lower biomass yield and reduced phytoextraction
performance of a plant. Therefore, a systematic experimental
assessment of HM-induced alterations in biomass production,
plant anatomy, morphology, photosynthetic, and transpiration
rate, photosynthetic pigments content, GSH-content, activity
of reactive oxygen species (ROS)-defense enzymes, etc. should
be preferably performed during the evaluation of a plants
suitability for HM phytoextraction, as was done with poplar
(Populus sp.) (Ivanova et al., 2011; Chandra and Kang, 2016),
eucalyptus (Eucalyptus camaldulenses) (Gomes et al., 2012), flax

(Linnum ussitatissimum) and China aster (Callistephus chinensis)
(Kavulicova et al., 2012), cardoon (Cynara cardunculus) (Arena
et al., 2017; Sorrentino et al., 2018), rapeseed (Brassica napus)
(Benakov4 et al., 2017), etc.

Phytoextraction Employing High-Biomass

Non-accumulators

The employment of fast-growing deep-rooting woody species
such as willow (Salix spp.) and Populus spp. is a reasonable choice
for phytoextraction (Unterbrunner et al., 2007). These taxa are
able to produce a high amount of biomass in a relatively short
time, have a high rate of water uptake and transpiration, have
a deep root system, can be effectively and rapidly reproduced
through re-sprouting, and their aboveground parts are easy to
harvest. Importantly, Unterbrunner et al. (2007) discovered that
Zn and Cd are preferentially accumulated in the leaves and not
in the wood of these taxa; HM can be therefore continuously
removed from the site by harvesting leaf biomass. Additionally,
covering the remediated area with hardy vegetation prevents the
erosion and transfer of contaminated material to the surrounding
environment (i.e., plants act as phytostabilizers). Another major
advantage of using non-edible woody species for HM clean-
up is the biomass produced during the phytoextraction process
which can provide an added economic value if used, for instance,
in energy production (short-rotation forestry system concept;
Einspahr, 1976a,b; Nixon et al., 2001; Volk et al., 2004; Hinchee
et al., 2009; Kidd et al,, 2015). For instance, experiments with
cotton (Gossypium sp.) plants grown in a former industrial area
in Bulgaria near Plovdiv contaminated with HMs demonstrated
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that after treating the produced cotton fiber with boiling water,
the Cd, Zn, Cu, and Pb content was diminished to levels
comparable to the plant material grown in non-contaminated
sites. These findings make cotton another crop suitable for
sustainable long-term use in contaminated areas (Yankov et al.,
2000). Vangronsveld et al. (2009) demonstrated the potential
of biomass for biofuel and biogas production despite the fact
that the phytoextraction efficiency in their field trial, in which
they employed Z. mays, tobacco (Nicotiana tabacum), B. napus
and sunflower (Helianthus annuus), was not very encouraging
(the estimated time required for clean-up of agricultural land
moderately contaminated with Cd and Zn ranged from 29 years
for tobacco to 234 years for rapeseed). An interesting approach
to the subsequent utilization of HM-contaminated biomass
produced during a phytoextraction process was applied in the
studies of Zheljazkov and Nielsen (1996a,b). Medicinal plants
such as peppermint (Mentha piperita) and lavender (Lavandula
angustifolia) were proven to accumulate moderate levels of HM
in the harvested biomass, and at the same time the aromatic oil
produced from this contaminated biomass was contaminant free.

Several different clones of willows have been found to
accumulate substantial amounts of Cd and Zn (Greger and
Landberg, 1999). A field experiment performed with a Cd-
accumulating clone of Salix viminalis cultivated in sludge-
amended soil demonstrated that the total amount of extracted
Cd (expressed as weight of Cd removed per ha and y) was
ca 5x and 6x higher than the hyperaccumulating species
Alyssum murale and N. caerulescens, respectively (Greger and
Landberg, 1999). A large-scale field experiment performed on
a site moderately contaminated with Cd and Zn in Lommel
(Belgium) employed different clones of Populus sp. and Salix sp.
for the phytoextraction of Cd. According to the most optimistic
estimation based on the output data, from 12.5 up to 25 years
would be needed for the restoration of a site with a Cd content
of 1 mg-kg~! soil (experiments reviewed in Vangronsveld et al.,
2009). The influence of clone choice and the necessity of foliage
harvesting were also highlighted in the two above-mentioned
studies, as well as in the study of Vyslouzilova et al. (2006).
Another field trial employing a short-rotation coppice of willow
grown in metal-contaminated agricultural soil demonstrated the
ability of a Salix coppice to remove 72g Cd and 2kg Zn ha~!
year~!, values much higher than maize (Zea mays) or B. napus
grown in the same soil (Van Slycken et al., 2013b).

Z. mays has been also widely surveyed for its potential
employment in the management of HM-contaminated soil due
to its rapid growth, high biomass production and general
Cd-tolerance. In a field-scale trial conducted on an area of
Cd-contaminated farmland in China, Z. mays was shown to
accumulate up to 3mgkg™! of dry biomass while maintaining
grain Cd concentrations under the Chinese government’s limit
for coarse cereals (Xu et al., 2013). Van Slycken et al. (2013a)
adopted Z. mays for the management of Cd, Zn, Pb and As-
contaminated agricultural land. In their study, Z. mays was
shown to remove on average 19 g Cd ha™!.year~! and 4.3kg Zn
ha~!.year™! with the biomass produced being comparable with
Z. mays grown in non-contaminated soil in the same region.
Moreover, the Cd content in the harvested biomass did not

exceed European threshold values for animal feed. The use of
biomass for biogas production was also demonstrated, with the
production values being unaffected by the HM content. The
issue of employing Z. mays for the phytoextraction of HM-
contaminated soils was comprehensibly reviewed by Rizwan et al.
(2017). The employment of other high-biomass-producing non-
hyperaccumulating plants for trace element extraction have been
also reported, both from small- and large-scale field experiments
(for a comprehensive review see Vangronsveld et al., 2009).

A more advanced approach of employing plants for the clean-
up of soil, proposed by Macci et al. (2013), is to take advantage
of the synergic action of trees, shrubs and grasses. In their recent
study, Macci et al. (2016) investigated the real-scale clean-up of
a former industrial area polluted with a mixed contamination
of HMs, hydrocarbons and polychlorinated biphenyls. Three
different woody plants were employed, namely Populus sp.,
empress tree (Paulownia tomentosa), and the perennial shrub
Scotch broom (Cytisus scoparius), in combination with naturally
growing vegetation and the addition of organic matter (horse
manure). Within 2 years, vegetation with any of the three
species resulted in the reduction of both organic and HM
contamination (average reduction of about 35, 40, and 70% in
the soil content of HMs, hydrocarbons and PCBs, respectively);
moreover, soil functionality was also recovered during the
remediation.

Phytoextraction Employing

Hyperaccumulators

In a vast number of published manuscripts, hyperaccumulators
have been shown to possess an exceptional ability to take up
HMs from soil and store them in aerial plant organs, a trait
that is seemingly promising for employment in phytoextraction.
For instance, the study of Robinson et al. (1998) summarized
that phytoextraction using N. carulescens would be entirely
feasible for low Cd soil levels; since plants reached values of
bioaccumulation coefficients of about 60 and 10 for 1 mg-kg™*
and 50 mg-kg~! Cd in soil, respectively, only a single harvest
would be needed to halve a soil Cd content of 10 mg-kg~!. Unlike
Cd, the remediation of Zn was not found to be feasible within
an economic time frame (i.e., <10 years) because of the low Zn
bioaccumulation coefficients (bellow 1) achieved at higher soil
Zn levels. Similar conclusions were made by Nishiyama et al.
(2005), whose study performed with N. caerulescens grown at a
Cd soil concentration of 5 mg-kg™! indicated that only about 2
- 6 harvests (depending on the soil type, Fluvisol or Andosol)
could decrease the Cd concentration to 50%. Moreover, field
trials conducted on urban HM-contaminated soil by Jacobs et al.
(2017) using N. caerulescens, showed that Cd and Zn removal
from soil was in a range that is already practically applicable
for phytoextraction (Cd and Zn uptake values of 200 gha=! and
47 kgha™1, respectively).

Other hyperaccumulating taxa have been proposed to be
employable for HM removal from soils (Sarma, 2011). For
instance, B. juncea was reported to effectively remove Cd, Cr,
Cu, Ni, Pb, and Zn from a hydroponic medium (Dushenkov
et al.,, 1995), hydrophyte water hyacinth (Eichhornia crassipes)

Frontiers in Plant Science | www.frontiersin.org

October 2018 | Volume 9 | Article 1476


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Suman et al.

Phytoextraction of Heavy Metals

was able to efficiently accumulate Cd, Cr, Cu, and Se, especially
in roots. Similarly, the perennial shrub Sesbania drummondii,
a Pb hyperaccumulator, exhibited an ability to uptake Pb
(shoot concentrations of >4% Pb in hydroponic culture) while
maintaining a high biomass yield (Sahi et al., 2002).

An example of an extension of hyperaccumulator-based
HM phytoextraction providing an added economical value
is phytomining (see Glossary). The field study by Robinson
et al. (1997) was performed on ultramafic soils in Italy with
the autochthonic Ni hyperaccumulator Alyssum bertolonii. The
authors showed that this perennial might be used for the
economically feasible phytomining of Ni, providing up to 72kg
Niha~! without the need to resow for a further crop. Similarly,
field trials with A. murale recovered up to 112kg Niha™! in a
single crop (Robinson et al., 1997; Bani et al., 2015a,b).

Green Biotechnology Application-GM
Plants With Enhanced HM Tolerance and

Phytoextraction Efficiency

As was shown above, the use of plants might represent
an economically- and ecologically-friendly alternative to
conventional techniques for the decontamination/stabilization
of HM-polluted sites. However, some features limit their
successful use, including (i) low biomass production of many
natural hyperaccumulators and (ii) low phytoextraction
efficiency of plant species that, on the other hand, fulfill the
required technological parameters such as high growth rate and
biomass production. Therefore, the use of such a convenient
plant species, but purposely genetically engineered to the
“hyperaccumulator-like” phenotype (e.g., with increased HM
accumulation in aboveground parts and HM tolerance), seems to
be a sustainable way to utilize plants for the decontamination of
polluted matrices. A general strategy for the production of such
bioengineered plants has been reviewed elsewhere, for instance
by Bhargava et al. (2012).

If the resultant genetically engineered plant is intended
for the decontamination of HM-polluted matrices, the aim of
the transgenosis is to modify the distribution of accumulated
HM throughout the plant body. HM should be preferentially
translocated into above-ground parts that can be easily harvested,
and the plants growth rate should not be reduced as the
result of HM accumulation. Hence, sustaining root-to-shoot
translocation (HM loading into xylem vessels) and subsequent
vacuolization and/or sequestration in the cells of the plant aerial
parts account for the most frequently employed strategies to
create hyperaccumulator-like plant varieties (for more detailed
reviews on the topic, see e.g., Bhargava et al., 2012; Mosa et al.,
2016).

In addition to HM removal from polluted matrices, enhanced
HM uptake and translocation into aboveground parts via
genetic modifications has been also proposed to increase the
concentration of trace elements (such as Fe, Zn, Cu, Se)
in biomass for nutritional purposes when grown in non-
contaminated sites (biofortification). For instance, transgenic
wheat (Triticum aestivum) expresing gene OsNAS2 encoding for
nicotianamine synthase 2 from rice (Oryza sativa) was shown

to attain dietary significant levels of Zn and Fe in grains (Singh
etal., 2017). Similarly, authors Wu et al. (2018) used combination
of three genes AtNASI encoding for nicotianamine synthase
1 from A. thaliana, AtFRD3 (transporter loading xylem with
citrate-iron complex) and PvFER (ferritin from bean Phaseolus
vulgaris) resulting in increased Zn and Fe content in grains
of resultant multi-transgenic lines of O. sativa. A trial with
O. sativa expressing a cisgene (see Glossary) OsNAS2 and a
transgene SferrH-1 encoding for ferritin from soybean (Glycine
max) proved biofortification of grains with Fe and Zn even
under field conditions without any concomitant contamination
with other harmful HM (Trijatmiko et al, 2016). The topic
of biofortification via genetic modification was reviewed in
Palmgren et al. (2008) and Borrill et al. (2014).

HM Protein Transporters

As mentioned previously, enhanced HM translocation across
biological membranes most likely denotes a fundamental
physiological process determining the hyperaccumulation
ability of a plant. HM transport in plants includes transport
through both the cytoplasmic membrane (apoplasm/symplasm
interphase, e.g., uploading/unloading xylem vessels) and
tonoplast and, possibly, borders of other intracellular
compartments (Leitenmaier and Kiipper, 2013). Alteration
of these processes via genetic modification therefore appears
to be an option to develop a plant variety suitable for HM
phytoextraction and such genetic modifications have been
frequently employed. Yeast cadmium factor protein YCF (a
vacuolar glutathione S-conjugate pump and a member of
the ATP-binding cassette transporter family associated with
multi-drug resistance) is an example of a HM protein transporter
used for transgenosis (Li et al., 1996). For instance, in the study
of Bhuiyan et al. (2011b) the YCFI gene was introduced into
B. juncea and the resultant transformants exhibited enhanced
tolerance to Cd and Pb and also an increased accumulation
of these HMs in shoots (about 1.5- to 2-fold compared to
the wild type). The same gene was employed by Shim et al.
(2013) for hybrid Populus sp. transgenosis. Upon Cd exposure,
the resultant plants exhibited enhanced growth, reduced Cd
toxicity symptoms, and increased Cd content in the aerial tissue
compared to non-transgenic plants. Furthermore, the plants
accumulated more Cd, Zn, and Pb in roots because they were
able to establish an extensive root system in HM-contaminated
mine tailing soil. Similarly, B. juncea plants expressing AtATM3,
another mitochondrial membrane ABC transporter involved in
the biogenesis of Fe-S clusters and iron homeostasis in thale cress
(Arabidopsis thaliana), exhibited increased Cd and Pb tolerance
and shoot accumulation (about 1.5- to 2.5-fold higher compared
to the wild type). These changes in metallophenotype were
attributed to increased expression levels of intrinsic glutathione
synthetase II and phytochelatin synthase 1 induced by AtATM3
overexpression (Bhuiyan et al., 2011a).

Bacterial HM-protein transporters is another vast pool of
molecules potentially employable for transgenosis in order to
increase phytoextraction efficiency. Wu et al. (2011) reported
ectopic expression of mutated variant of CAXI gene from
A. thaliana encoding for Ca®t/H* antiporter in petunia
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(Petunia x hybrida). CAX1-bearing plants exhibited up to 2.5-
fold greater Cd tolerance and accumulation compared to the
control. Furthermore, an exemplary study demonstrated that the
introduction of a bacterial HM transporter PbtA into a yeast
resulted in an increased accumulation of Pb, Zn, and Cd, and
this transporter is further suggested to be employed for plant
transgenosis aiming at increased phytoextraction efficiency and
higher resistance of the plant (Suman et al., 2014). More examples
of HM transporters employed in plant transgenosis are listed the
Table 2.

Protein/Peptidic HM Chelators and Low-Molecular
Binding Agents

Another strategy adopted to artificially enhance the HM
accumulation capacity and tolerance of plants is through
increased levels of HM binding agents in planta. Generally,
it is hypothesized that the cell capacity to accumulate HM
should be enhanced via the increased intracellular production of
HMe-ions binding sites, along with increasing metalloresistance
through avoiding the appearance of “free” metal ions in
the plant. Several examples of specific genetic determinants
introduced into various plant species with the aim of increasing
intracellular metal-chelating compounds can be found in Table 2.
A frequently investigated approach is exemplified by the
overproduction of peptidic chelators such as glutathione (GSH)
and phytochelatins (PC) through the overexpression of the
enzymes of their biosynthetic pathways. An example of an effort
to increase intracellular GSH content is the overexpression of
genes encoding for y-glutamylcysteine synthetase (y-ECS) and
cysteine synthetase (GS), of both bacterial and eukaryotic origin
(Liang Zhu et al., 1999; Koprivova et al., 2002; Bittsanszky
et al,, 2005; Li et al., 2006b; Zhao et al., 2010). These enzymes
catalyze two ATP-dependent reactions: the formation of y-
glutamylcysteine (y-ES) from glutamate and cysteine and the
addition of glycine at the C-terminal end of y-ES, respectively,
yielding GSH (Meister, 1988). For instance, in the pioneering
work of Noctor et al. (1996), transgenic Populus sp. bearing
v-ECS (gshl) from E. coli were generated. Foliar y-ES and
glutathione content increased 10- and 3-fold, respectively,
without affecting either the general physiological parameters of
the transgenic plants or the reduction state of the glutathione
pool and the foliar cysteine content. Several other studies were
published employing genes for either y-ECS or GS, or both
simultaneously, for the alteration of the metallophenotype of
plant species such as B. juncea (Liang Zhu et al, 1999; Zhu
et al., 1999), Populus sp. (Koprivova et al.,, 2002; Bittsanszky
et al., 2005), A. thaliana (Li et al., 2006b), creeping bentgrass
(Agrostis palustris) (Zhao et al, 2010), etc. The resultant
(double-)transgenic plants generally exhibited an increased rate
of tolerance and accumulation of HMs such as Cd (Liang Zhu
et al,, 1999; Zhu et al.,, 1999; Koprivova et al., 2002; Zhao et al.,
2010), Zn (Bittsdnszky et al., 2005), or Hg (Li et al., 2006b).

A similar approach to increase the pool of HM-binding
thiol compounds is the introduction of phytochelatin synthase
(PCS), an enzyme catalyzing the formation of PC from the
precursor y-ES (Ha et al., 1999; Clemens and Persoh, 2009).
PCS-encoding genes predominantly of plant origin were used

for the transgenosis, leading to enhanced HM accumulation and
tolerance (Table 2; Li et al., 2006a; Martinez et al., 2006; Guo et al.,
2008; Liu et al., 2012; Shukla et al., 2012).

Unlike GSH and PCs, metallothioneins (MT) are gene-
encoded metal binding proteins with multiple functions
in planta, including metal homeostasis (for a comprehensive
review, see Leszczyszyn et al., 2013). These small proteins have
been found to exert HM binding capacity in vivo including
Zn, Cd and Cu, when heterologously and ectopically expressed
(Kille et al., 1991; Tommey et al., 1991; Evans et al., 1992;
Abdullah et al., 2002). In addition to the inspection of their
physiological function, a possible use of MT for enhancing
metalloresistance and/or the accumulation capacity of GM
plants was proposed by several authors (Thomas et al., 2003;
Zhang et al., 2006; Krystofova et al., 2012). Nevertheless, the
effect of such ectopic and heterologous expression on the
metallophenotype is rather difficult to predict; accumulation
and tolerance patterns differ among metal elements and across
studies (for instance Krystofova et al., 2012 vs. Thomas et al.,
2003, Table 2). Since in the majority of studies MT imparted
an increased metallotolerance to the resultant transgenic plants
together with an enhanced retention of the studied HM in roots,
MT are more likely to be employed in protecting plants against
HM stress in contaminated locations rather than for metallocrop
preparation (Krystofova et al., 2012).

A study by Pianelli et al. (2005) investigated another
metal ligand molecule, nicotianamine, an ubiquitous non-
proteinogenic amino acid biosynthesized from methionine,
involved in plant Fe homeostasis and able to bind various
other metals as well (Rudolph et al., 1985). A. thaliana plants
overexpressing nicotianamine synthase cDNA (NASI) from the
N. caerulescens exhibited an up to 100-fold higher accumulation
of nicotianamine in their tissue and higher Ni tolerance and
accumulation than the control. The authors proposed this gene
to be introduced into suitable high-biomass plant species in
combination with a HM-complex root-to-shoot translocator
(e.g., yellow stripe 1, YSLI; Curie et al., 2001) in order to enhance
the root-to-shoot ratio of accumulated metal and therefore
“move” the metal to harvestable parts.

“Gene Stacking” Strategy

The term “gene stacking” (or “gene pyramiding”) refers to the
simultaneous expression or manipulation of multiple transgenes
in a single GM plant or hybrid variety (Halpin, 2005). The
accumulation of traits leading to an increased HM uptake and
storage in harvestable parts and/or increased metalloresistance
represents an advanced approach to modifying the plant
metallophenotype for use in HM phytoextraction. In the study
by Li et al. (2006b), A. thaliana hybrid plants of two single-
transgenic lines bearing y-ECS and GS were prepared, and
their metallophenotype was compared to the parental one.
Enhanced PC levels in roots as well as increased Hg tolerance
and accumulation was observed for the ECS/GS co-expressing
lines achieving a Hg bioconcentration factor as high as 600.
Similar findings by Guo et al. (2008) showed that dual-transgenic
A. thaliana plants overexpressing both PCS and y-ECS (derived
from garlic and yeasts, respectively) led to elevated PC levels and
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TABLE 2 | Exemplary studies dealing with GM plants with altered HM tolerance and/or accumulation ability.

Gene or coding sequence Source Recipient Tested metal Effect References
(protein product)
TRANSGENES OF BACTERIAL ORIGIN
merA (modified) mercury(ll) Tn21 transposon Nicotiana tabacum Hg Enhanced mercury volatilization He et al.,
reductase 2001
merA (modified) mercury(ll) Tn21 transposon Populus deltoides Hg Enhanced mercury volatilization Che et al.,
reductase and tolerance 2003
merA (modified) mercury(ll) Tn21 transposon Arabidopsis thaliana Hg (Au) Increased Hg tolerance Rugh et al.,
reductase volatilization, increased Au 1996
tolerance
merB (organomercurial Escherichia coli A. thaliana Organomer curials Increased tolerance to Bizily et al.,
lyase) organomercurials 1999
merC (HM transporter), Acidithioba-cillus N. tabacum, A. thaliana Hg Hg hypersensitivity, enhanced Sasaki et al.,
constitutive promoter ferrooxidans Hg uptake 2006
merC (HM transporter), Tn21 transposon A. thaliana Cd Increased Cd accumulation and Kiyono et al.,
specific membrane targeting tolerance 2012
merP (HgZJr -binding Bacillus megaterium A. thaliana Hg, Cd, Pb Enhanced Hg, Cd and Pb Hsieh et al.,
protein) tolerance and accumulation 2009
gsh1 (y-glutamylcysteine E. coli Brassica juncea Cd Enhanced Cd tolerance and Zhu et al.,
synthetase) shoot accumulation 1999
gsh2 (glutathione E. coli B. juncea Cd Enhanced Cd tolerance and Liang Zhu
synthetase) shoot accumulation etal., 1999
gsh1 (y-glutamylcysteine E. coli Populus canescens Zn Elevated HM uptake, elevated Bittsanszky
synthetase) glutathione levels et al., 2005
hybrid Populus tremula x Cd Enhanced Cd accumulation in Koprivova
Populus alba) young leaves et al., 2002
gsh1 (y-glutamylcysteine E. coli A. thaliana, co-expression Hg, As Enhanced Hg and As tolerance, Lietal,
synthetase) and gsh2 enhanced Hg accumulation in 2006b
(glutathion synthetase) aboveground tissues
GCS and GS Streptococcus Beta vulgaris Cd, Zn, Cu Enhanced Cd, Zn and Cu Liuetal,
(y-glutamylcysteine thermophilus tolerance and accumulation; 2015
synthetase and glutathione increased multiple HM tolerance
synthetase) and accumulation without
selectivity among Cd, Zn and Cu
ZntA (P2t /Zn2+/Cd2t- E. coli A. thaliana Pb, Cd Enhanced Pb and Cd tolerance, Leeetal,
transporting diminished Cd and Pb shoot 2003
P-ATPase) accumulation
1-aminocyclo-propane-1- Enterobacter cloacae Lycopersicon Cd, Co, Cu, Ni, Enhanced tolerance to and Grichko et al.,
carboxylic acid (ACC) aesculentum Pb, Zn altered accumulation of Cd, Co, 2000
deaminase Cu, Ni, Pb and Zn
ACC deaminase, iaa Pseudomonas putida N. tabacum, Petunia x Cu, Co Increased Cu and Co tolerance Zhang et al.,
(tryptophan (ACC deaminase), hybrida co-expression and accumulation, growth in a 2008
monooxygenase) Agrobacte-rium complex contaminated soil
tumefaciens (jaa)
arsC (arsenate reductase) E. coli N. tabacum, A. thaliana Cd Enhanced Cd tolerance and Dhankher
shoot accumulation etal., 2003
TRANSGENES OF FUNGAL ORIGIN
CUP1 (metallothionein) Saccharomyces N. tabacum Cd Increased Cd tolerance, Krystofova
cerevisiae increased Cd levels in roots etal.,, 2012
whereas decreased in shoots
Saccharomyces N. tabacum Cu Enhanced Cu accumulation, no Thomas et al.,
cerevisiae Cd-associated phenotypical 2003
changes
YCF1 (ATP-binding cassette S. cerevisiae B. juncea Cd, Pb Enhanced Cd and Pb tolerance Bhuiyan et al.,
transporter) and shoot accumulation 2011b
tzn1 (high specificity zn Neurospora crassa N. tabacum Zn Enhanced Zn accumulation Dixit et al.,
transporter) 2010
(Continued)
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TABLE 2 | Continued

Gene or coding sequence Source Recipient Tested metal Effect References
(protein product)
TRANSGENES OF PLANT ORIGIN
MuSI (multiple stress Ipomoea batatas N. tabacum Cd Enhanced Cd tolerance, Kim et al.,
response gene |) diminished Cd accumulation and 2011
root-to-shoot translocation
PCS1 (phytochelatin Thlaspi arvense Nicotiana glauca Cd, Zn, Pb, Cu Enhanced HM accumulation, Martinez
synthase) high biomass production in real et al., 2006
mining soil experiment
Ceratophyllum N. tabacum Cd, As Enhanced Cd and As root Shukla et al.,
demersum accumulation 2012
Nelumbo nucifera A. thaliana Cd Enhanced Cd accumulation Liuetal,
2012
Cynodon dactylon N. tabacum Cd Increase Cd tolerance and Lietal,
accumulation 2006a
PCS1 (phytochelatin Allium sativum (PCST), S. A. thaliana, co-expression Cd, As Enhanced Cd and As tolerance Guo et al.,
synthase) and GSH1 cerevisiae (GSHT) and shoot accumulation 2008
GS cysteine synthase Spinacia oleracea N. tabacum Cd, Se, Ni Increased Cd, Se and Ni Kawashima
tolerance, enhanced Cd shoot et al., 2004
accumulation
GCS (y-glutamylcysteine Phragmites australis Agrostis stolonifera Cd Increased Cd tolerance and Zhao et al.,
synthetase) accumulation 2010
CBP4 (calmodulin-binding N. tabacum N. tabacum Ni, Pb Increased Ni tolerance Pb and Arazi et al.,
channel-like protein) overexpression hypersensitivity, reduced Ni and 1999
enhanced Pb accumulation
MRP7 (ATP-binding A. thaliana N. tabacum Cd Increased Cd tolerance, Wojas et al.,
cassette transporter) decreased Cd root-to-shoot 2009
translocation, enhanced Cd
accumulation in leaf vacuoles
ATM3 (ATP-binding A. thaliana B. juncea Cd, Pb Increased Cd and Pb tolerance Bhuiyan et al.,
cassette transporter) and accumulation 2011a
CAX1 (mutated variant) A. thaliana Petunia x hybrida Cd Increased Cd tolerance and Wu et al.,
(cation/H antiporter) accumulation, 2011
MT2b (metallothionein) and A. thaliana N. tabacum, Cd, Zn Enhanced Cd tolerance, Grispen et al.,
HMA4 (P4g-ATPase) Co-expression enhanced Cd and Zn 2011
root-to-shoot transport, synergy
between the two transgenes
MT2b (metallothionein) A. sativum A. thaliana Cd Enhanced Cd tolerance and Zhang et al.,
accumulation 2006
CET3, CET4 (cation-efflux B. juncea N. tabacum, Cd Enhanced Cd tolerance, altered Lang et al.,
transporters) Co-expression Cd accumulation 2011
ACBP1 (acylCoA-binding A. thaliana A. thaliana overexpression Pb Enhanced Pb tolerance and Xiao et al.,
protein) shoot accumulation 2008
TRANSGENES OF OTHER ORIGIN
MTII (clas Il metallothionein) Homo sapiens sapiens N. tabacum Cd Decreased Cd levels in leaves de Borne
whereas increased in roots and etal., 1998
stems
Pseudophytochelatin Synthetic N. tabacum Cd Enhanced Cd tolerance and Postrigan
Met(GluCys)gGly shoot accumulation et al., 2012

exhibited significantly higher Cd/As tolerance and accumulation
than single transgenic and non-transgenic controls (about 2.5
times and 10 times higher for the two elements, respectively).
Synergy in the function of two genes expressed simultaneously
was also shown in the work of Grispen et al. (2011).
A. thaliana genes AtMT2b and AtHMA4 encoding for a IIb-
class metallothionein and a stellar Zn**- and Cd>* -transporting
ATPase, respectively, were introduced into N. tabacum plants,

and the double transformants exhibited enhanced Cd tolerance
(ca 2-fold), enhanced Cd/Zn root-to-shoot transport, but
unaltered Zn tolerance and overall Cd/Zn uptake, compared with
both non-transgenic and single-transgenic controls. Hence, the
authors highlighted the synergy between two genes introduced
into plants. Since the observed metallophenotype was altered
only moderately, they suggested (especially for the HMA4
gene) the use of the A. thaliana native promoter of the
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HMA4 gene instead of the constitutive cauliflower mosaic
virus promoter and, possibly, the introduction of multiple
transgene copies. Both proposed modifications should imitate the
intrinsic tissue/organ localization and regulation of those found
in the natural hyperaccumulator rockcress Arabidopsis halleri
(Hanikenne et al., 2008).

Phytoextraction of HM Using GM Plants in the Field?
Several articles comprehensively reviewing the issue of the
potential employment of GM plants in HM phytoremediation
have been released over the last decade (Cherian and Oliveira,
2005; Macek et al, 2008, 2009, 2013; Kotrba et al., 2009;
Sarma, 2011; Bhargava et al., 2012; Ibafiez et al., 2016). A
number of various transgenes of both bacterial and eukaryotic
origin have been employed (examples are listed in Table 2),
predominantly in lab-scale studies on model plant species such
as N. tabacum, A. thaliana, or tomato (Lycopersicon esculentum).
In the majority of published studies, HM removal and tolerance
experiments were only performed under model controlled
conditions, typically in “ideal” agar-based or hydroponic cultures
with only one metal element being examined in a single
experiment; only a few studies were performed on a mixture
of different metal elements, investigating interactions between
the metals (e.g., Liu et al., 2015). Moreover, only several studies
have moved from model conditions to pot-scale experiments,
some of which were performed in real HM-contaminated soil
(Bennett et al., 2003; Heaton et al., 2003; Pavlikova et al.,
2004; Martinez et al., 2006; Rodriguez et al., 2008; Pilon-Smits
and Leduc, 2009; Shim et al,, 2013). Nevertheless, the “giant
leap for mankind,” ie., remediation experiments performed
under field conditions, was shown to be indispensable for
the reliable assessment of the applicability of GM plants for
phytoremediation. The effect of examined genetic determinants
on the phenotype can be severely influenced by real conditions
in situ, including the co-occurrence of other organic and
inorganic contaminants as many different contaminating metal
elements tend to occur simultaneously (Banerjee et al., 1999), the
bioavailability of micro- and macronutrients, soil type, content
of organic matter, climatic conditions, interactions with other
(micro)organisms, etc.

Among the few published studies that meet the requirement
of in situ testing, Bafiuelos et al. (2005) showed that GM plants
can perform efficiently under field conditions. In their work,
three different transgenic lines of B. juncea plants were planted
in a field plot with a layer of Se, B and salt contaminated
sediment covered with a layer of non-contaminated nutrient-
rich soil and cultivated under continuous irrigation for 45 days.
Even after this relatively short time period, plants bearing genes
encoding for adenosine triphosphate sulfurylase (APS), y-ECS
and GS were able to accumulate 4.3-, 2.8-, and 2.3-fold more
Se, respectively, in their shoots than the control, with the first
value theoretically corresponding to 4.4% of the total extractable
Se present in the contaminated drainage sediment. The aerial
biomass produced was significantly lower than with control
plants cultivated in the pristine soil (about 80% for GS plants),
but still about 50% higher than for the wild-type strain kept in
the polluted soil. Even though the duration of this field trial was

short, the results indicated the potential of such GM plants for
Se-phytoremediation.

The aforementioned work of Shim et al. (2013) was another
study performed under real field conditions. It assessed the
phytoextraction potential of transgenic Populus sp. plants hybrids
of P. alba x P. tremula var. glandulosa BH1 (non-flowering
mutant clone) harboring the yeast HM transporter gene YcfI.
During the field experiment, pre-cultivated cuttings of Ycfl-
plants were kept in pots containing diluted Zn mine tailing
soil under the open sky for a period of over 6 months. During
this period, Yc¢fI-plants accumulated approximately 4-6 times
more Cd in their shoots than non-GM control plants, while
maintaining the same biomass production. The root system of
GM plants was even more developed. Although these findings
looked promising in terms of the use of the YcfI-plants for
the removal of Cd, Zn, As, and Pb from soils, the authors did
not support this idea. The bioconcentration factor of the Ycf1-
plants of Populus sp. under field conditions was calculated to
be only 0.3 for Cd, 0.9 for Zn, 0.2 for As, and 1.9 for Pb,
values in strong contrast with those found for the hydroponic
culture also surveyed in the study. The minimal bioconcentration
factor value essential for effective short-term remediation (i.e.,
in time-span of ca 10 crops) using these specific Ycfl-bearing
plants was estimated to be around 14. Nevertheless, the authors
proposed the possible application of those GM plants for
long-term phytoextraction with concurrent phytostabilization of
polluted sites. The entire study was an example of a possible
discrepancy between results obtained under hydroponic and real
soil conditions, which needs to be considered before making
conclusions about the potential applicability of any “GM plants
with enhanced phytoextraction efficiency.” On the other hand,
the field trial carried out by Bafuelos et al. (2005) with GM
B. juncea described above basically confirmed the data obtained
in their previous studies performed under model conditions
(Liang Zhu et al, 1999; Pilon-Smits et al., 1999; Zhu et al,
1999).

CONCLUSIONS AND FUTURE
PERSPECTIVES

The first vector and bacterial strain system that enabled the
introduction of genetic modifications into plants emerged in
1985 (Deblaere et al., 1985). Over the next three decades,
the process of transgenosis has become routinely used for
the generation of GM plants with many different goals. The
methods of genetic engineering have provided us with a
powerful tool for producing a vast number of model GM plants,
thereby enormously contributing to our understanding of HM
homeostasis and detoxification, ROS-defense systems, etc.

The possibility of employing GM plants for the clean-up
of HM-contaminated matrices has been intensively researched,
a number of plant taxa bearing transgenes of various origins
and presumptive functions have been surveyed. As summarized
herein, many studies proved that the resultant transgenic
plants manifested metallophenotypes making such an approach
promising for use in phytoextraction. Nevertheless, the actual
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use of GM plants for soil clean-up has been relatively limited.
Only several published GM varieties fulfill the requirements for
phytoextraction efficiency that would allow the clean-up process
to be feasible in terms of time and costs.

However, GM varieties have been so far almost solely prepared
for research purposes that examine the usability of a genetic
determinant, incorporating no more than pot-scale or controlled
field experiments. As a result, their direct introduction into the
environment is rather controversial, since they do not meet the
requirements for modern GM organisms, i.e., the absence of
a selection marker gene and vector backbone, the site-specific
character of genetic modification, the use of genes from an
evolutionary close gene pool (see Glossary for cisgenesis or
intragenesis), etc. Further improvements are required in the
genesis of new GM varieties, which would allow both the
development of plants with superior metallophenotypes, and
their commercialization even in countries where GM organisms
are poorly accepted (Kamthan et al., 2016). Recent advances in
the genome editing system CRISPR/Cas9 have enabled highly
site-specific modifications of many plant genomes, and has
therefore become a powerful tool for the development of
selectable-marker-free transgenic hyperaccumulators potentially
more suitable for real conditions (for recent reviews, see Bortesi
and Fischer, 2015; Liu et al., 2017).

At the same time, a more thorough assessment of the
risks related to the introduction of GM plants into the
environment is indispensable prior to their use in the field
(Hilbeck et al., 2011; Sanvido et al., 2012). With GM plants
intended for phytoextraction, such risks include gene-flow
from transgenics which could quantitatively reduce the genetic
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